The human RCCX is a common multiallelic copy number variation locus whose number of segments varies between one and four in a chromosome. The monomodular form normally comprises four functional genes, but in duplicated RCCX segments generally only the gene-encoding complement component C4 produces a protein. C4 genes can code either for a C4A or a C4B isotype protein and exhibit dichotomous size variation. Distinct RCCX variants show association with numerous diseases; however, identification of the basis of these associations is often challenging, not least because the RCCX is localized in the major histocompatibility complex (MHC) region, a genomic area characterized by exceedingly long-range linkage disequilibrium. Here we present a detailed analysis on RCCX variants and their relationship with so-called 'ancestral' or 'conserved extended' MHC haplotypes in healthy Caucasians. In addition to former investigations, precise order and size of all C4A and C4B genes were determined even in trimodular RCCX structures. Considering C4 copy numbers, length, isotype specificity and CYP21A2 copy numbers, we have identified 15 distinct RCCX variants and described the RCCX structures involved in 29 repeatedly occurring MHC haplotypes. The findings should become a useful tool for future RCCX-and MHC-related disease association studies.
INTRODUCTION
RCCX is one of the human genome's common multiallelic copy number variation loci that is known for being one of the longest, which is named after the genes STK19 (serine/threonine kinase 19; formerly RP), C4 (complement component 4), CYP21 (steroid 21-hydroxylase) and TNX (tenascin-X). RCCX behaves as a discrete genetic unit, with its consecutive genes always deleted or duplicated together, resulting in the existence of four copy number variation alleles: monomodular, bimodular, trimodular and the uncommon quadrimodular. Apart from mutations, the monomodular structure consists of four functional genes; however, in any additional RCCX segments normally only the C4 gene encodes a protein. C4 genes can code either for a C4A or a C4B isotype protein, and their size varies between long (20.4 kb; C4(L)) and short (14.1 kb; C4(S)) depending on the presence or absence of the endogenous retroviral sequence HERV-K(C4). 1 The truncated pseudogene counterparts for the functional STK19 (formerly RP1) and TNXB genes are called STK19P (formerly RP2) and TNXA, respectively, and the pseudogene corresponding to the active CYP21A2 (formerly CYP21B), sharing about 98% nucleotide sequence identity, is termed CYP21A1P (formerly CYP21A). The most common RCCX variant, a bimodular structure with a single C4A and a single C4B copy, is arranged in the gene order STK19-C4A-CYP21A1P-TNXA-STK19P-C4B-CYP21A2-TNXB from telomeric to centromeric. 2 Variations within the RCCX have long been studied with respect to their contribution to disease susceptibility. Dosage of C4A and C4B genes influences the corresponding serum protein concentrations and hemolytic activities.
3 C4A primarily takes part in removing immune complexes, whereas C4B takes part in the defense against intruders. 4 Lower levels of C4A confer higher susceptibility to autoimmune disorders, 5 and lower levels of C4B have been associated with increased prevalence of cardiovascular disease. 6 Integration of the HERV-K(C4) sequence presumably confers protection against exogenous retroviral attacks, but also decreases serum C4 concentrations. 1 Defects of the functional CYP21A2 gene lead to congenital adrenal hyperplasia, the most common autosomal recessive disorder worldwide. 7 Tenascin-X is an extracellular matrix protein whose defect contributes to the hypermobility type Ehlers-Danlos syndrome, 8 and the kinase encoded by STK19 is suggested to be involved in DNA replication or transcription. 9 Population studies regarding RCCX structural variations are traditionally carried out using Southern blot techniques, generally directed at the total number of long and short C4 genes in the haplotypes, length of the most telomeric RCCX module of each chromosome and total C4A and C4B copy numbers in the genome. 2, 3, 10, 11 However, no systematic study describing precise localization of C4A and C4B genes has yet been published, nor has the exact order of long and short C4 genes in RCCX structures containing more than two modules ever been determined. Thus, detailed characterization of RCCX structural variants occurring in the healthy Caucasian population became our goal.
RCCX is located on chromosome 6 within the major histocompatibility complex (MHC), a genomic area often characterized by long-range linkage disequilibrium (LD) spanning over even 3.2-Mb distance, leading to the existence of so-called 'conserved extended' or 'ancestral' haplotypes ('CEHs' or 'AHs'). 12 Individual RCCX structures are therefore expected to repeatedly concur with certain distant alleles, complicating identification of causative factors underlying any RCCX-related disease associations. To investigate the relationship between MHC haplotypes and RCCX, we determined the exact haplotypic arrangement of C4 length and isotype variants and CYP21 copy numbers in chromosomes with known class I and class II human leukocyte antigen (HLA) alleles and also five single-nucleotide polymorphisms (SNPs) of the central MHC region. 13 
RESULTS

Determination of RCCX and MHC haplotypes
Copy numbers of the genes C4A, C4B, C4(L) and C4(S), together with CYP21A2 and the pseudogene CYP21A1P present in distinct RCCX haplotypes, were established based on the corresponding gene copy numbers (GCNs) in the diploid genome combined with family data. A more subtle RCCX structure characterization, that is, determination of the precise order of C4 gene variants, was done by applying novel ASLR (allele-specific long-range) PCRs 14 as shown by Figure 1 . Haplotypes were determined through pedigree analysis. Inheritance of both HLA and SNP alleles, as well as RCCX haplotypes from parents to children, was taken into account.
C4 and CYP21 genes in the study population Altogether, 192 independent chromosomes of 96 individuals were evaluated. Eight chromosomes (four individuals) were excluded from this study owing to crossing over within the region spanning from HLA-A to HLA-DQB1, identified by recombinant MHC haplotypes in children. In the remaining 184 haplotypes, a total number of 355 C4 genes were found. Most of these belonged to the long variant encoding a C4A isotype protein (52.4%), whereas long and short C4B genes occurred in nearly equal proportions (25.1% and 21.4%, respectively). Short C4A genes were moderately rare (1.1%); however, they were significantly (Po0.001) more often found in trimodular haplotypes (7.7%) than in mono-and bimodular ones (0.0% and 0.3%, respectively). Observed frequencies of C4A, C4B, C4(L) and C4(S) genes, as well as of haplotypes with zero or two CYP21A2 copies, were similar to literature data (Table 1) . 2, 15 RCCX modular variations in healthy Hungarian Caucasians Considering all C4 and CYP21 gene variations examined, 15 different RCCX structures could be detected (Figure 2 Figure 1 . Trimodular RCCX structure with binding sites of long PCR primers used. Altogether, four forward (STK19_F, C4A_F, C4B_F and TNXA_F, respectively) and three reverse (C4A_R, C4B_R and TNXB_R, respectively) primers were applied. Primers C4A_F and C4A_R anneal to the isotype-specific nucleotides of C4A, whereas primers C4B_F and C4B_R anneal to the specific nucleotides of C4B. Primer STK19_F is specific to STK19, which is only present in the most telomeric module, and primer TNXB_R fits TNXB located in the most centromeric RCCX segment only. Primer TNXA_F anneals to both TNXB and TNXA, but it was able to generate PCR products only from the TNXA pseudogenes. All PCR reactions contained a C4 isotype-specific primer; thus, the presence of a C4A or C4B gene in the most telomeric, most centromeric and noncentromeric positions can be shown using primers STK19_F, TNXB_R and TNXA_F, respectively. Reverse C4 isotype-specific primers give rise to PCR products overlapping the HERV-K(C4) integration site; thus, amplicons initiated by C4A_R or C4B_R primers differ in size according to C4 length variant. Characterization of RCCX variants Z Bánlaki et al occurrence of RCCX length variants was consistent with data obtained from literature (Table 1) . 2, 15 Monomodular variants contained either a long C4A or a short C4B gene. Among bimodular structures, the most prevalent one was A(L)-B(L), followed by A(L)-B(S) and A(L)-A(L). Besides, two unusual structures were also observed with regard to variations within the C4 genes. One involved a rare short C4A gene variant in the telomeric RCCX segment, whereas the other contained two long C4B genes. Most trimodular haplotypes were arranged as
and two structures containing a short C4A gene, B(L)-A(S)-B(S) and A(L)-A(S)-B(L), were also identified. Of the latter two, B(L)-A(S)-B(S) was also unique in the aspect that here a C4B gene was followed by a C4A gene, whereas A(L)-A(S)-B(L) was the only structure in which a short C4 gene variant preceded a long one. No quadrimodular structures were found in the study population. Altogether, two chromosomes lacked the functional CYP21A2 gene, both carrying the structure A(L). Of the four haplotypes with two CYP21A2 copies, two had the RCCX structure A(L)-B(S), whereas the other two had B(L)-A(S)-B(S). Genomic context of RCCX structures with nonordinary CYP21A2 copy numbers or unusual C4 arrangements is shown in Table 2 .
RCCX structures in ancestral MHC haplotypes HLA-A, -B, -DRB1 and -DQB1 alleles together with five SNPs of the MHC class III region were previously determined in the study subjects; thus, RCCX structures could be linked to extended MHC haplotypes. Haplotypes were assigned as ancestral when they contained identical HLA-B, -DRB1 and -DQB1 alleles, CFB S4F, LTA 252 A4G and HSPA1B 1267 A4G polymorphisms and C4A/C4B GCNs as AHs characterized by an extensive study on International Histocompatibility Working Group (IHWG) reference cell lines. 16 Thus, 15 AHs (or CEHs) were found in our samples, and 14 additional extended haplotypes occurred in at least two independent copies with 100% match of these polymorphisms (repeatedly occurring haplotypes never differed in TNF À 308 G4A and AGER À 429 T4C SNPs either) ( Table 3) . Considering all 184 haplotypes examined, 51 (27.7%) belonged to a recognized AH, 34 (18.5%) did not belong to an AH but occurred repeatedly in the study population, whereas the remaining 99 (53.8%) were found in a single copy only and did not belong to any recognized AH. Of the repeatedly occurring haplotypes, all but one contained identical RCCX structures in all copies, whereas the haplotype AH18. All the extended haplotypes present in at least two independent chromosomes or a formerly approved AH 16 contained exactly one copy of the functional CYP21A2 gene; however, it is noteworthy that the rare haplotype AH47.1 characterized by a CYP21A2/CYP21A1P chimera gene (thus complete CYP21A2 deletion) 17 was not found in our samples. 
HLA-DQB1
MHC haplotypes with unusual C4 gene arrangements
Abbreviations: HLA, human leukocyte antigen; MHC, major histocompatibility complex; SNP, single nucleotide polymorphism. Each RCCX segment is indicated by two letters after the characteristics of the involved C4 gene. A, C4A; B, C4B; L, long gene; S, short gene. 
DISCUSSION
We have performed a detailed analysis on RCCX structural variations and their relationship with MHC haplotypes in healthy Hungarian Caucasians. Our results are unique in several aspects. By conducting the investigation by means of a family study, we could perform an absolutely accurate haplotype phasing. Besides, by using a combination of quantitative and ASLR-PCRs, we are the first to define the precise arrangement of C4 genes with different characteristics even in trimodular RCCX structures. As recruiting families is considerably more difficult than recruiting unrelated individuals, our sample size is relatively small. Thus, the chance of sampling error cannot be neglected, especially as another workgroup found an apparently different pattern in ancestral MHC haplotypes with regard to individuals of European ancestry. 18 However, as the study population was previously compared with a distant, fairly larger Caucasian subpopulation and presented with similar distribution of MHC haplotypes, 13 it can be assumed that the observed pattern of RCCX structural variants is also representative of the Caucasian population. This is also supported by the fact that ratios of RCCX length and C4 variants in the study population were shown to be similar to data of another workgroup on healthy American Caucasians. 15 Former investigations have shed light on the existence of seven frequent and several rare RCCX variants with regard to the number and length of C4 genes involved. 2, 10, 15, 19 Our results are consistent with previous data, but have also led to novel findings. We have proved the existence of both LLS and LSL (trimodule with two long (L) and one short (S) C4 gene in the designated order) structures, and also showed evidence that even those trimodular haplotypes can belong to a different structural variant that contains long and short RCCX segments in identical order and also carries the same number of both C4A and C4B genes. For example, an LSS variant with one C4A and two C4B genes can be arranged both as A
(L)-B(S)-B(S) and B(L)-A(S)-B(S).
To our knowledge, we are the first to describe RCCX structures with a telomeric C4B gene followed by C4A, and structures involving a short C4 gene followed by a long one. Otherwise, we have found that telomeric C4 genes of multimodular structures usually code for a C4A isotype protein, which is in agreement with previous assumptions deducted from sparse sequencing data 2 and results of the MHC Haplotype Project. 20 Here we also give evidence of the assumption that C4A genes are almost always long and that there is an approximately equal chance that a C4B gene belongs to the short or the long variant. 21 Former RCCX-related studies sometimes also detected dosage ratios of TNX and CYP21 active genes and pseudogenes.
10,11 Our group did not examine the TNX genes, but CYP21A2 and CYP21A1P
GCNs were determined. Interestingly, both B(L)-A(S)-B(S) structures indistinguishable from A(L)-B(S)-B(S)
by former characterization methods contained two CYP21A2 copies. However, it must be kept in mind that differentiation between CYP21A2 and CYP21A1P genes was based solely on the 8-bp deletion characteristic to exon 3 of the pseudogene. As there are other alterations rendering the CYP21A1P gene nonfunctional, 
Repeatedly occurring extended haplotypes
Abbreviations: AH, ancestral haplotype; EH, extended haplotype; HLA, human leukocyte antigen; SNP, single nucleotide polymorphism. Each RCCX segment is indicated by two letters after the characteristics of the involved C4 gene. A, C4A; B, C4B; L, long gene;S, short gene. a SNPs in the MHCIII region are as follows: LTA 252 A/G, TNF À 308 G/A, HSPA1B 1267 A/G, CFB S/F and AGER À 429 T/C, respectively.
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here an inactive gene can be mistaken for the active one. It is noteworthy that the traditionally used Southern blot technique can also lead to false results. 22, 23 Whether any of the four haplotypes with two functional-like CYP21 genes in this population indeed contains two copies of the active 21-hydroxylase gene is yet to be investigated, together with its possible impact on steroid hormone levels. Similar to previous findings, 2,24 both chromosomes lacking any CYP21A2 genes identified in this study carried a monomodular RCCX structure with a long C4A gene.
Given the long-range LD characteristics of the region, there is presumably a strong relationship between ancestral MHC haplotypes and RCCX structural variations. Although in some cases HLA alleles were examined together with RCCX variants earlier, 25 no extensive investigation has been published yet. As even certain formerly recognized ancestral MHC haplotypes differ only in polymorphisms other than HLA alleles, 16 we analyzed five SNPs as well. Three (CFB S4F, LTA 252 A4G and HSPA1B 1267 A4G) of those were also involved in the mentioned study on IHWG reference cell lines, 16 whereas the other two (TNF À 308 G4A and AGER À 429 T4C) were chosen because they formerly proved to be useful tools for haplotype tagging. 26, 27 As expected, chromosomes with identical extended haplotypes tend to carry the same RCCX structures. The only exception found was AH18. This suggests that AH18.3 might be in fact split into two distinct, although very similar, haplotypes. Of the rare RCCX variants identified in this population, A(S)-B(S) was linked to HLA alleles earlier, 25 but to dissimilar ones as described here. A trimodule with two CYP21A2 copies (the second of which contains a stop codon mutation) was found earlier in linkage with HLA-A2-B50, 28 but as no information is available about class II alleles of this specific haplotype it can only be supposed that it is identical to one of the haplotypes with duplicated CYP21A2 genes observed here. Our data also show that RCCX structural variation cannot be used for haplotype prediction, as individual RCCX variants are usually involved in several different MHC haplotypes. The only truly striking, but well-known, exception is the relationship between B(S) and AH8.1 (also referred to as HLA-(A1)-B8-DR3-DQ2 haplotype), the highly conserved and widely studied ancestral haplotype that occurs most frequently among the Caucasians. [29] [30] [31] [32] [33] [34] Besides, there was a 100% match between the allele HLA-B14 and the RCCX variant A(L)-B(S)-B(S) in our samples, independent of the extended haplotype. Otherwise, no HLA-B, -DRB1 or -DQB1 allele in itself showed considerable correlation with an RCCX variant, indicating that disease associations of individual HLA alleles independent of ancestral MHC haplotypes are most probably independent of the RCCX as well. The fact that even rare RCCX structures occur in different genomic context is in accordance with the relatively frequent observations of de novo nonhomologous recombination events within the RCCX 28, 35 and our recent results on the intraspecific genealogy of the RCCX. 14 Both RCCX structural variations and MHC haplotypes have long been studied for their effects on diverse physiological and pathological processes. 6, 36, 37 The exact relationship between disorder and RCCX is unambiguous when a defective gene is involved; 7, 38 most often, however, identification of the real causative factors proves fairly challenging. RCCX disease association studies have mainly focused on C4 GCNs, [39] [40] [41] but forgetting about the complexity of RCCX variations and the longrange LD characteristics of the MHC hides the danger of overseeing the genuine molecular background. More and more detailed descriptions of the region are thus indispensable for our better understanding of RCCX-related disease associations, the first step on the road leading to the most effective prevention and treatments possible.
MATERIALS AND METHODS Subjects
Subjects were the same as in a former study. 13 Altogether, 194 members of 48 nuclear families of Caucasian origin were investigated. All families included a child listed for bone marrow transplantation due to non-MHCrelated disorders; parents and siblings were healthy. Only parental haplotypes were evaluated; samples of children were analyzed for haplotype assembly alone. All participants or guardians gave informed consent.
Sample collection
Peripheral EDTA-anticoagulated blood samples were collected. Genomic DNA preparation was performed with a commercial kit (Puregene, Qiagen, Hilden, Germany), based on a salting-out procedure. DNA samples were kept at À 20 1C until use.
Gene copy number determination C4A and C4B GCNs were already determined. 13 For detecting C4(L) and C4(S) GCNs, primer and probe sequences described elsewhere 25 were used. Amplification of both CYP21A2 and CYP21A1P genes was done using the primers 5 0 -CTCCTCCTGCAGACAAGCTG-3 0 (forward) and 5 0 -AGCTTCT TGTGGGCTTTCCA-3 0 (reverse). Probe for the active gene (5 0 -CCTTG GGAGACTACTC-3 0 ) involved the eight nucleotides missing from exon three of the pseudogene, and probe for the pseudogene (5 0 -CGGACCTGTCGTTGGTCTCTG-3 0 ) contained the sequences bordering the mentioned deletion. All probes were labeled with FAM (carboxyfluorescein). Thermocycle was initiated with 10 min of incubation at 95 1C, followed by 35 cycles of the steps 95 1C for 15 s and 60 1C for 40 s (when amplifying C4(S) genes, elongation was performed at 65 1C for 35 s). Reaction mixtures for C4(S) and C4(L) amplification contained 1 Â Maxima Probe/Rox Master Mix (Fermentas, Burlington, Canada), 0.5 mM of each primer, 0.2 mM probe, 1 Â VIC-labeled RNase P copy number reference assay (Applied Biosystems, Foster City, CA, USA) as an internal control and 20-30 ng DNA template in a final volume of 20 ml. Reaction mixtures used for amplification of the CYP21 genes were the same, except that 1 Â TaqMan Universal PCR Master Mix (Applied Biosystems) was used and primer concentration was lower (0.3 mM each). Each sample was measured in three parallels in an ABI 7300 Real Time PCR System (Applied Biosystems). Data evaluation was performed as by C4A and C4B GCN determination. 42 Allele-specific long-range PCRs
To establish the precise order of different C4 gene variants in the chromosomes, a set of previously developed ASLR-PCRs was used 14 ( Figure 1) . As degraded or partially degraded DNA is not suitable for ASLRPCRs, DNA quality control was performed by gel electrophoresis before carrying out the reactions. (No special DNA extraction method is needed, but longer storage time and repeated freeze-thaw cycles can render DNA inadequate for these assays.)
HLA and SNP genotyping HLA-A, -B, -DRB1 and -DQB1 alleles, as well as the polymorphisms rs909253 (LTA 252 A4G), rs1800629 (TNF À 308 G4A), rs1061581 (HSPA1B 1267 A4G), rs641153 (CFB S4F) and rs1800625 (AGER À 429 T4C), were already determined for a previous study as described there. 13 
Statistical analysis
Hardy-Weinberg equilibrium, neutrality and LD tests were conducted using the Arlequin software (v3.1) designed for population genetics data analysis 43 with 10 000 randomizations of the data. Categorical variables were analyzed by the w 2 -test using the software GraphPad Prism version 4.0 for Windows (www.graphpad.com).
